Factor VIII functions as a cofactor for Factor IXa in a membranebound enzyme complex. Membrane binding accelerates the activity of the Factor VIIIa-Factor IXa complex approx. 100 000-fold, and the major phospholipid-binding motif of Factor VIII is thought to be on the C2 domain. In the present study, we prepared an fVIII-C2 (Factor VIII C2 domain) construct from Escherichia coli, and confirmed its structural integrity through binding of three distinct monoclonal antibodies. Solution-phase assays, performed with flow cytometry and FRET (fluorescence resonance energy transfer), revealed that fVIII-C2 membrane affinity was approx. 40-fold lower than intact Factor VIII. In contrast with the similarly structured C2 domain of lactadherin, fVIII-C2 membrane binding was inhibited by physiological NaCl. fVIII-C2 binding was also not specific for phosphatidylserine over other negatively charged phospholipids, whereas a Factor VIII construct lacking the C2 domain retained phosphatidyl-L-serine specificity. fVIII-C2 slightly enhanced the cleavage of Factor X by Factor IXa, but did not compete with Factor VIII for membrane-binding sites or inhibit the Factor Xase complex. Our results indicate that the C2 domain in isolation does not recapitulate the characteristic membrane binding of Factor VIII, emphasizing that its role is cooperative with other domains of the intact Factor VIII molecule.
INTRODUCTION
Factor VIII is an essential cofactor in the blood-clotting cascade. Its importance is illustrated by the bleeding disorder haemophilia A, which is caused by reduced or absent Factor VIII function. Factor VIII acts as a membrane-bound cofactor for Factor IXa, a serine protease that catalyses the activation of Factor X to Factor Xa [1] . Binding of Factor VIII to phospholipid membranes increases the efficiency of Factor X cleavage over 100 000-fold [1] , making this interaction vital for Factor VIII function. The binding of Factor VIII to phospholipid membranes is a multistep process in which a rapid initial attachment is followed by a slower step yielding higher affinity [2] . Available results indicate that membrane binding is mediated by both hydrophobic and ionic interactions [3] , although the exact sequence of binding events has not been elucidated. Factor VIII binds specifically and with high affinity to membranes containing PS (phosphatidylserine) [4, 5] .
The sequence of Factor VIII contains three ceruloplasminlike A domains, a unique B domain and two discoidin-like C domains [6, 7] . Factor VIII is cleaved prior to secretion to yield a heterodimeric protein consisting of a heavy chain (A1-A2-B) and a light chain (A3-C1-C2). Membrane binding is mediated by the light chain [8] , and particularly by the C domains. The importance of the interaction between the fVIII-C2 (Factor VIII C2 domain) and phospholipid membranes is illustrated by severe bleeding in patients who develop antibodies against the C2 domain [9] .
The Factor VIII C domains share similar sequence and structure with the C domains of Factor V [6, 7, 10] (another membranebound cofactor of the clotting cascade) and lactadherin [11] (a milk fat globule membrane protein). The crystal structure of the C2 domains of all three proteins show a β-barrel core and three hairpin loops forming hydrophobic spikes that probably penetrate the membrane surface during binding [12] [13] [14] . As with Factor VIII, both Factor V and lactadherin preferentially bind to PScontaining membranes [15, 16] . The membrane-binding role of the protruding hydrophobic amino acids of the fVIII-C2 [17] , Factor V C2 domain [18, 19] and Lact-C2 (lactadherin C2 domain) [14] has been confirmed by site-directed mutagenesis. In addition, antibodies directed to the C2 domain in both Factor VIII [20] [21] [22] and Factor V [23] inhibit phospholipid membrane binding. However, the available results are insufficient to determine the fraction of Factor VIII membrane-binding affinity that is derived from the C2 domain, whether the stereospecific recognition of PS resides within this motif, and whether the C2 domain mediates the initial adherence of Factor VIII with a phospholipid membrane.
To form the Factor Xase complex, Factor IXa interacts with Factor VIII primarily through the A2 and A3 domains [24, 25] . In addition, the crystal structures of intact Factor VIII [26, 27] have added to the biochemical data [28] [29] [30] in supporting a model of Factor VIII cofactor function in which the C1 and/or C2 domains also make contact with the Gla domains of Factor IXa and/or Factor X. Indeed, a recent study of the interaction between Factor IXa and the fVIII-C2 assigns a Factor VIII C2 peptide to a specific interaction with Factor IXa [31] . Thus there is motivation to determine the apparent affinity of the isolated C2 domain for Factor IXa and/or Factor X and its impact on function.
Abbreviations used: C2 FVIII, Factor VIII lacking the C2 domain; biotin-PE1, 2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl); B-PER, bacterial protein extraction reagent; dansyl-PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(5-dimethylaminonaphthalenesulfonyl); DPC, n-dodecyl phosphocholine; Factor VIII-Fl, fluorescein-labelled Factor VIII; F max , maximum fluorescence; F res the residual fluorescence; FRET, fluorescence resonance energy transfer; fVIII-C2, Factor VIII C2 domain; fVIII-C2 C , Val2223Cys fVIII-C2 mutant; fVIII-C2 C-Fluor , fluorescein-labelled fVIII-C2 C ; fVIII-C2 Pichia , fVIII-C2 prepared in Pichia pastoris; HRP, horseradish peroxidase; Lact-C2, lactadherin C2 domain; mAb, monoclonal antibody; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PLV, phospholipid vesicle; PS, phosphatidylserine; Ptd-D-Ser, 1,2-dioleoyl-sn-glycero-3-phospho-D-serine; Ptd-L-Ser, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; TBS, Tris-buffered saline; Trx, thioredoxin. 1 To whom correspondence should be addressed (email gary_gilbert@hms.harvard.edu).
In the present study, we have characterized the binding of the fVIII-C2 to PLVs (phospholipid vesicles) and supported membranes in solution and compared this binding to that of the Lact-C2 and intact Factor VIII. We have also investigated the role of the C2 domain in the protein-protein interactions of the Factor Xase complex. Our results show a more complex role for the fVIII-C2 in phospholipid binding than expected, and suggest that other domains play a role, affecting the interaction of the C2 domain with the membrane or making initial contact with the membrane surface.
EXPERIMENTAL

Materials
Porcine brain PS, egg PE (phosphatidylethanolamine), egg PC (phosphatidylcholine), bovine liver PI (phosphatidylinositol),
were purchased from Avanti Polar Lipids. DPC (n-dodecyl phosphocholine) was purchased from Anatrace. Glass microspheres (1.6 μm nominal diameter) were from Duke Scientific. Factor VIII was a gift from Baxter. The Lact-C2 construct was prepared as described previously [14] . ESH4 and ESH8 antibodies were purchased from American Diagnostica. B02C11 was generously provided by Professor Marc Jacquemin (Centre for Molecular and Vascular Biology, University of Leuven, Leuven, Belgium). The anti-(Factor VIII A2) antibody (GMA-8021) was purchased from Green Mountain antibodies, and was labelled with FITC using a standard protocol. Human Factor IXa, Factor X and thrombin were purchased from Enzyme Research Laboratories. The fVIII-C2 Pichia (fVIII-C2 prepared in Pichia pastoris) was generously provided by Dr Kathleen Pratt (Division of Hematology, University of Washington School of Medicine, Seattle, WA, U.S.A.) [13] .
PLV preparation
Chloroform-dissolved phospholipids were mixed in the indicated molar ratios. Methylene chloride was added to the phospholipid mix and evaporated under argon four times to remove the chloroform. The dried phospholipids were then resuspended in TBS (Tris-buffered saline) [50 mM Tris/HCl (pH 7.85) and 150 mM NaCl] and sonicated in a bath sonicator for at least 20 min until visually clear [4] . For vesicles used in FRET (fluorescence resonance energy transfer) experiments, the phospholipid suspension was ultracentrifuged at 200 000 rev./min (TLA-120.2 rotor; Beckman) for 2 h at 4
• C to remove any remaining large vesicles [32] . The phospholipid concentration of the centrifuged preparations was determined using an elemental phosphorus assay [33] . Aliquots were flash-frozen in liquid nitrogen and stored at − 80
• C. Thawed aliquots were stored at 4
• C and used within 8 h.
Purification of fVIII-C2
The C2 domain of human Factor VIII was cloned from a plasmid containing the full Factor VIII sequence. The forward primer 5 -CTCGGATCCCATCACCATCACCATCACCTGGTGCCAC-GCGGTAGTTGCAGCATGCCATTGGGAAT-3 and reverse primer 5 -CTCCTCGAGTCAGTAGAGGTCCTGTGCCT-3 were used to amplify the sequence and to add an N-terminal thrombin-cleavage site and a His 6 tag. The insert was cut using BamHI and XhoI and ligated into a modified pET21 ampicillin-resistant plasmid that included an N-terminal Trx (thioredoxin) sequence to increase construct solubility. The resulting plasmid was transformed into BL21(DE3) Escherichia coli cells (Novagen). Cells were grown in 400 ml of LB (Luria-Bertani) broth to a D 600 of approx. 0.7 and then induced with 50 μM IPTG (isopropyl β-D-thiogalactopyranoside) for 5 h. Cells were pelleted and then lysed using 15 ml of B-PER (bacterial protein extraction reagent; Pierce Chemical) according to the manufacturer's instructions. The lysate was loaded on to a 10 ml Ni-NTA (Ni 2+ -nitrilotriacetate) column (Qiagen) and washed with 15 ml of B-PER. The protein was eluted with a five-step elution of 4, 8, 30, 60 and 200 mM imidazole in 150 mM NaCl, 20 mM Tris/HCl (pH 7.5). Fractions were analysed on a LabChip BioAnalyzer (Agilent Technologies). Positive fractions were pooled and 0.0175 mg of thrombin/mg of fVIII-C2 was added to cleave the His-Trx tag. After being incubated at 37
• C for 4 h, the thrombin was inactivated with a 3:1 molar ratio of PPACK (D-Phe-Pro-Arg-chloromethylketone). The product was concentrated and buffer-exchanged to 25 mM NaCl in 5 mM MES (pH 5.5) using an Amicon Ultra-15, 10000 M r cut-off centrifugal concentrator (Millipore). The thrombin and cleaved tag were removed by cation-exchange chromatography using a 1 ml HiTrap SP HP column (GE Healthcare). The column was equilibrated with 25 mM NaCl in 5 mM MES (pH 5.5), and the fVIII-C2 was eluted using 0.2 mM NaCl in 20 mM Hepes (pH 8.0). Fractions were monitored for protein by measuring the absorbance at 280 nm. Positive fractions were analysed with a LabChip to detect fVIII-C2 and to determine purity (>98 %) and concentration (see Supplementary Figure S1 ). fVIII-C2 aliquots were flash-frozen in liquid nitrogen and stored at − 80
• C. To ensure formation of the disulfide bond, the construct was tested for the presence of free thiols using Ellman's reagent.
Mutant fVIII-C2 construct and fluorescein labelling
Since the fVIII-C2 construct does not contain a free thiol for fluorescence labelling, a mutant in which Val 2223 was replaced with a cysteine residue (fVIII-C2 C ) was produced through PCR mutagenesis using primers 5 -GCCTGGAG-ACCTCAGTGTAATAATCCAAAAGAGTGGCTGCAAGTG-3 and 5 -CACTTGCAGCCACTCTTTTGGATTATTACACTGA-GGTCTCCAGGC-3 . The mutant was then purified as described above. The presence of a single free thiol was confirmed using Ellman's reagent. fVIII-C2 C was diluted in labelling buffer (0.1 M betaine, 2 mM DPC and 20 mM Hepes) and incubated with 0.1 mM fluorescein-5-maleimide (Molecular Probes) overnight at 4
• C. The buffer pH was adjusted to 7.2 using 1 M sodium bicarbonate. Excess fluorescein was removed using gel filtration over a Sephadex G50 matrix (Sigma). The protein was eluted with 25 mM NaCl, 2 mM DPC and 5 mM MES buffer (pH 5.5). The DPC was removed using cation-exchange chromatography as described previously for fVIII-C2. Fractions were monitored using 280 and 490 nm absorbance readings. The protein concentration of the positive fractions was determined using a microBCA assay.
Testing the conformation of fVIII-C2 with mAbs (monoclonal antibodies)
We selected three antibodies to the C2 domain of Factor VIII: ESH4, ESH8 and B02C11. ESH4 and ESH8 were coupled to cyanogen bromide-activated cross-linked Sepharose beads (Superose; GE Healthcare), whereas B02C11 was attached to Protein G-linked agarose beads (Sigma). The beads were then used to measure the affinity of the antibodies for Factor VIII-Fl (fluorescein-labelled Factor VIII). The average fluorescence per bead was read using a CSCaliber flow cytometer (BD Biosciences). The resulting data sets were fitted to a standard one-site binding model to calculate the K d and F max (maximum fluorescence) for each antibody. To test the affinity of the antibodies for fVIII-C2, unlabelled fVIII-C2 was used to compete with the Factor VIII-Fl for the antibody-binding sites. The concentration of Factor VIII-Fl used in the competition experiments was 3 nM for ESH4, 0.8 nM for ESH8 and 0.3 nM for B02C11. The binding competition was modelled to eqn (1) for single binding-site competition:
where F is the measured fluorescence, [fVIII fl ] is the concentration of Factor VIII-Fl, and [fVIII-C2] is the concentration of fVIII-C2. The K d and F max values calculated previously were substituted into the equation, and K i and F res (residual background fluorescence) were fitted to the data using Graphpad Prism software.
Binding of vesicles to immobilized fVIII-C2
The integrity of the phospholipid-binding motif of the fVIII-C2 was tested using an ELISA assay. Microtitre wells were coated with mAb ESH8 (5 μg/ml) for 4 h. After blocking with 2 % (w/v) BSA, Factor VIII or fVIII-C2 (10 nM) was incubated for 1 h to allow capture by the immobilized antibodies. Sonicated biotinlabelled PLVs (PS/biotin-PE/PE/PC: 15:1:19:65 molar ratio) were pre-incubated for 1 h with streptavidin-HRP (horseradish peroxidase) and then added to the bound protein in the microtitre wells. Excess vesicles were washed away with 0.5 % Tween 80 in TBS and bound vesicles were detected using o-phenylenediamine dihydrochloride (Sigma). Colour generation was stopped using 3 M HCl and then read at 490 nm on a Vmax microplate reader (Molecular Devices). The experiment was repeated with different concentrations of Factor VIII and fVIII-C2 to check for cooperativity.
C2-deleted Factor VIII
C2 FVIII (Factor VIII lacking the C2 domain) was prepared as a B-domainless Factor VIII using methods described previously [34] . Recombinant C2 FVIII (lacking >98 % of the C2 domain, residues 2173-2332) was stably expressed in BHK (baby-hamster kidney) cells and purified as described previously [34] . Protein yields for the variant ranged from >10 to approx. 100 μg from two 750 cm 2 culture flasks, with a purity from approx. 85 % to >95 % as judged by SDS/PAGE.
Liposphere-binding assays
Glass microspheres were cleaned, size-restricted and coated with phospholipid as described previously [4] . The resulting lipospheres were washed in TBS containing 0.1 % BSA and 10 μM PC-sonicated vesicles to remove excess phospholipid. Lipospheres were stored on ice and used within 8 h of preparation. To characterize fVIII-C2 binding to different phospholipids, free vesicles of various PS and PI compositions were added to compete with the lipospheres for binding to 60 nM fVIII-C2 C-Fluor . Factor VIII-Fl (10 nM) and C2 FVIII (2 nM) were tested using free vesicles containing either 1:24 molar ratio of Ptd-L-Ser or 1:24 molar ratio of Ptd-D-Ser. To detect binding of C2 FVIII, 40 nM C2 FVIII was incubated for 1 h with a 2-fold molar excess of FITC-labelled anti-(Factor VIII A2) antibody prior to incubation with the lipospheres/free vesicle mixtures. Experiments with C2 FVIII were carried out in TBS containing 0.1 % BSA. The samples were read using flow cytometry. Competition curves were modelled using the following equation:
where [PL] is the concentration of free phospholipid and [fVIII-C2] bound is the measured fluorescence per liposphere.
Fluorescence resonance experiments
Resonance energy transfer, from native tryptophan residues to dansyl-PE incorporated into vesicles, was measured as described previously [14, 35] . fVIII-C2, Lact-C2 or Factor VIII stock solution was titrated into a 3 μM solution of dansyl-labelled sonicated PLVs (dansyl-PE/PS/PC: 1:4:15 molar ratio) in 20 mM Tris/HCl (pH 7). Additions were made each minute and readings were taken for 40 s after mixing. Control readings were taken of the PLV solution with buffer additions at the same volume as the protein solution to account for sample dilution and photobleaching over the course of the experiment. A buffer control was subtracted from the experiment and PLV control measurements. The increase in dansyl fluorescence was calculated using eqn (3):
where F is the dansyl fluorescence measured from the protein sample, F b is the baseline fluorescence from the PLV control, and F c is the corrected fluorescence [35] . Measurements were made with a Spex Fluorolog II fluorometer with excitation and emission at 280 and 520 nm respectively. To reduce scatter, a PerkinElmer UV-35 filter and a 450 nm high-pass filter were used in the excitation and emission pathways respectively.
Factor IXa activity assays
Factor Xase activity and Factor IXa activity were measured with two-step amidolytic substrate assays. Components were mixed into reaction buffer [20 mM Tris/HCl (pH 7.0), 0.2 % BSA and 1.5 mM Ca 2+ ] to a final volume of 40 μl. Final reaction concentrations for the Factor Xase assay were 1 unit/ml Factor VIII, 0.25 μM sonicated PLV (PS/PE/PC: 3:4:13 molar ratio), 2 nM Factor IXa, 0.8 unit/ml thrombin and 40 nM Factor X. The reaction was incubated for 5 min at room temperature. Unless otherwise indicated, the final reaction concentrations used in the Factor IXa activity assays were 25 nM Factor IXa, 20 μM sonicated PLV and 230 nM Factor X. To increase signal intensity in the absence of Factor VIII, the Factor IXa reactions A total of 4 μl of 2 mM S-2765 Xa chromogenic substrate (Diapharma) was added to each well and the speed of colour generation was measured at 405 nm using a Vmax microplate reader (Molecular Devices) in kinetic mode. Measurements in Abs/min (absorbance change/min) were converted into nM Factor Xa generated using a standard curve of known Factor Xa concentrations.
RESULTS
Isolated fVIII-C2 was purified from E. coli cytosol using metal-ion chromatography, followed by cation-exchange chromatography (Supplementary Figure S1 at http://www. BiochemJ.org/bj/435/bj4350187add). Purified fVIII-C2 had the anticipated molecular mass and showed less than 2 % residual free thiol, indicating formation of the disulfide bond between Cys 2174 and Cys 2326 . The folding of the construct was evaluated through binding to three well-characterized mAbs: ESH4, ESH8 and B02C11 [9] (Table 1) . Competition experiments between Factor VIII-Fl and fVIII-C2 for antibodies linked to Superose beads were performed. For all three antibodies, their F res was less than 2 % of the F max value. The implied binding affinities of fVIII-C2 for the three antibodies were not significantly different than those of Factor VIII, indicating that fVIII-C2 is folded correctly. Since ESH4 [22] and B02C11 [21] both block phospholipid binding of Factor VIII, the results also suggest that the membrane-binding epitope(s) is/are intact.
We then used a novel solid-phase assay to further evaluate the integrity of the fVIII-C2 phospholipid-binding site [36] . fVIII-C2 or Factor VIII was immobilized in a microtitre well using ESH8. Biotin-labelled PLVs were incubated with the immobilized protein and bound vesicles were detected with streptavidin-HRP. Vesicles bound to fVIII-C2 with an implied affinity similar to Factor VIII ( Figure 1A ). To test whether the apparent high affinity of fVIII-C2 might arise from engagement of a vesicle by multiple fVIII-C2 modules, we repeated the experiment using various concentrations of fVIII-C2 (or Factor VIII) to load the microtitre well ( Figure 1B) . Unlike the Factor VIII findings, the resulting fVIII-C2 data had a sigmoidal shape, consistent with an avidity effect. The data were fitted to the Hill equation, giving a Hill constant of 2.4 + − 0.5 for fVIII-C2. Addition of B02C11 completely blocked vesicle binding to fVIII-C2 ( Figure 1C ). Thus the apparent high affinity of vesicles to immobilized fVIII-C2 is largely attributable to avidity and is mediated by the known membrane-binding motif.
We measured the binding of solution-phase fVIII-C2 to phospholipid bilayers supported by glass microspheres (lipospheres) (Figure 2A ). For these experiments, a mutant, Val2223Cys (fVIII-C2 C ) was produced and labelled with fluorescein (fVIII-C2 C-Fluor ). This mutation site was chosen because the similar mutation Val2223Ala causes no loss of phospholipid binding or activity in intact Factor VIII [17] . Flow cytometry measurements were used to record the binding of fVIII-C2 C-Fluor to lipospheres with a membrane composition molar ratio of 1:1:3. PS/PE/PC. In the presence of 150 mM NaCl, fVIII-C2 C-Fluor showed little binding above background. The lack of binding persisted even when the incubation time was varied to a maximum of 2 h (results not shown). In contrast, when the buffer did not contain NaCl, fVIII-C2 C-Fluor had saturable binding. Under these conditions, fVIII-C2 C-Fluor showed an intermediate affinity for membrane-binding sites (K d = 150 + − 40 nM), approx. 40-fold lower than reported previously for intact Factor VIII [35] . Because binding of fVIII-C2 C-Fluor to lipospheres differed from the solid-phase binding assay (Figure 1 ), we performed additional experiments. To evaluate the impact of mAb ESH8, binding of fVIII-C2 C-Fluor to lipospheres was measured in the presence of saturating concentrations of antibody. Saline continued to inhibit binding to a similar degree, indicating that the effects of ESH8 do not explain membrane binding in the presence of saline (results not shown). We further investigated fVIII-C2 C-Fluor binding in the absence of NaCl by testing the effect of the known inhibitor antibodies B02C11 and ESH4, as well as ESH8 ( Figure 2B ). B02C11 and ESH4 were both able to fully inhibit fVIII-C2 liposphere binding, whereas ESH8 had little effect (∼ 11 % inhibition with a 1:1 ratio of antibody to fVIII-C2), indicating the participation of the known phospholipid-binding epitope(s) in the absence of NaCl.
To confirm that the inhibitory effect of NaCl and the membranebinding affinity were not influenced by the Val2223Cys mutation, we used FRET to measure the binding of unlabelled fVIII-C2 to dansyl-labelled PLVs ( Figure 2C ). fVIII-C2 showed an increase in binding as the concentration of NaCl decreased. The binding affinity of fVIII-C2 for vesicles at 0 mM NaCl was similar to that of fVIII-C2 C-Fluor for lipospheres (K d = 260 + − 40 nM). To be certain that E. coli expression did not alter fVIII-C2 function, we performed an identical experiment using fVIII-C2 Pichia , the benchmark fVIII-C2 used in the crystal structure [13] . fVIII-C2 Pichia also showed no phospholipid binding in the presence of 150 mM NaCl and similar affinity binding (K d = 240 + − 60 nM) as the bacterial construct when there was no NaCl (Supplementary Figure S2 at http://www.BiochemJ.org/ bj/435/bj4350187add.htm).
For comparison of fVIII-C2 with a similar protein, we repeated the FRET-binding experiments with Lact-C2 ( Figure 2D ). In contrast with fVIII-C2, Lact-C2 was able to bind to PLVs in the presence of physiological saline (K d = 290 + − 30 nM). In the absence of NaCl, the number of Lact-C2-binding sites increased (B max = 2.80 + − 0.09 with and 5.4 + − 0.1 without NaCl), while its overall affinity for the membrane decreased (K d = 620 + − 40 nM without NaCl). Our results confirm that the binding of fVIII-C2 differs from the similar Lact-C2 with respect to the influence of salt.
To test whether the determinants for Ptd-L-Ser specificity reside in the C2 domain, sonicated PLVs of varying phospholipid compositions were used to compete with lipospheres for fVIII-C2 C-Fluor binding ( Figure 3A ). Curves were fitted with a nonlogarithmic competition binding model [eqn (2) ] and K i values for the different phospholipids were compared. fVIII-C2 C-Fluor showed an increase in the K i value as the relative concentration of PS in the vesicles decreased, with a 70-fold increase between 20 % PS and 4 % PS vesicles. There was no difference in the competition curves when PI or phosphatidic acid (results not shown) was used instead of PS. In contrast, Factor VIII showed marked specificity for Ptd-L-Ser over Ptd-D-Ser even in the absence of NaCl (Figure 3B ), demonstrating that this specificity is not NaCl-dependent. Furthermore, C2 FVIII retained Ptd-L-Ser specificity in the presence of NaCl ( Figure 3C ). Thus our findings show that the determinants of PS specificity do not lie within the C2 domain.
Because membrane binding of fVIII-C2 is reduced in physiological NaCl, we asked whether the concentration of NaCl affects membrane binding of intact Factor VIII. Both liposphere binding of Factor VIII-Fl and FRET between Factor VIII and dansyl-labelled sonicated vesicles were used to measure Factor VIII binding without and with 150 mM NaCl (Figure 4 ). In buffer with no added NaCl, the number of Factor VIII-binding sites increased. The additional binding sites had a lower affinity than those available with NaCl present, thus increasing the overall K d . The increase in binding in the absence of NaCl is consistent with the enhanced binding of fVIII-C2 in the absence of NaCl. We performed competitive-binding experiments to determine whether fVIII-C2 binds to the membrane sites recognized by intact Factor VIII ( Figure 5 ). fVIII-C2 did not compete with Factor VIII at concentrations up to 1 μM ( Figure 5A ) in the presence or absence of 150 mM NaCl. However, fVIII-C2 did compete successfully with fVIII-C2 C-Fluor , confirming the specificity of membrane-binding sites for fVIII-C2 C-Fluor . Intact Factor VIII also competed with fVIII-C2 C-Fluor for binding sites (results not shown), indicating that Factor VIII is able to occupy fVIII-C2 phospholipid-binding sites. The Factor Xase assay was used to determine whether fVIII-C2 could displace Factor IXa or Factor X from Factor VIII in the Factor Xase complex. At concentrations up to 6 μM fVIII-C2, there was no loss of Factor Xase activity ( Figure 5B ). These results indicate that fVIII-C2 engages membrane-binding sites distinct from those of intact Factor VIII. They also indicate that fVIII-C2 does not bind Factor IXa or Factor X with high affinity.
Because a recent report [31] has identified a putative Factor IXa-binding motif on fVIII-C2, the activity of Factor IXa was evaluated in the presence of various concentrations of fVIII-C2. The experiment indicated that 6.4 μM fVIII-C2 increased Factor Xa generation by 50 % (Figure 6A ). We further investigated the role of fVIII-C2 by varying the phospholipid and Factor X concentrations, in turn, without and with 3 μM fVIII-C2. Addition of fVIII-C2 had no effect on the apparent affinity of Factor IXa for PLVs ( Figure 6B ) (K d = 8 + − 1 μM without and 8.3 + − 0.9 μM with fVIII-C2), but increased the V max of the curve by approx. 50 %. fVIII-C2 increased the apparent affinity of Factor IXa for Factor X ( Figure 6C ) (K m = 0.6 + − 0.09 μM without and 0.39 + − 0.08 μM with fVIII-C2), while not significantly increasing the V max (19.2 + − 0.8 nM/h without compared with 18.0 + − 0.8 nM/h with fVIII-C2). fVIII-C2 did not affect the cleavage of Factor X by Factor IXa when the NaCl concentration was 150 mM (results not shown), suggesting that intact phospholipid binding is required for the modest impact on cleavage of Factor X. These results are consistent with the weak interaction of fVIII-C2 with Factor X and/or Factor IXa.
We asked whether addition of fVIII-C2 might restore normal membrane-binding affinity to Factor VIII lacking the C2 domain. Accordingly, fVIII-C2 was titrated into a Factor Xase complex with fixed concentrations of C2 FVIII, Factor IXa and Factor X. The concentration of vesicles was less than half that required to support full activity of C2 FVIII. fVIII-C2 concentrations as high as 1 μM did not increase activity (results not shown). These results indicate that the C2 domain must be attached to the C1 domain to confer normal membrane-binding affinity and full activity to Factor VIII.
DISCUSSION
The results of our present experiments show that the isolated fVIII-C2 binds to PLVs with moderately high affinity and that membrane binding is dependent upon negatively charged phospholipids. In contrast with intact Factor VIII, binding of fVIII-C2 is not specific for Ptd-L-Ser, occurs only under lowsalt conditions and does not compete with intact Factor VIII. The properties of fVIII-C2 contrasted with those of the similar Lact-C2, indicating that these properties relate to structural details of fVIII-C2. These results indicate that the role of fVIII-C2 in membrane binding of intact Factor VIII differs from current predictions, suggesting a membrane-binding mechanism that is more complex than previously anticipated.
Our present results agree with several previous studies that have investigated the binding of fVIII-C2 to immobilized phospholipid in a microtitre well [37] [38] [39] . These studies show that fVIII-C2 has the capacity to bind to PS in the presence of saline in some solidphase assays. When we immobilized fVIII-C2 to a microtitre well using mAb ESH8, we also found that fVIII-C2 bound to PLVs in the presence of NaCl with an implied affinity similar to intact Factor VIII.
Our results may appear to be at odds with predictions from previous studies, including our own, that use peptides from the fVIII-C2. The peptides are able to compete with Factor VIII for membrane binding [40, 41] and inhibit Factor VIII activity [42, 43] . These studies make the assumption that the peptides are in the native conformation or fold into the native conformation upon contact with a phospholipid membrane. However, subsequent studies have indicated that the major membrane-binding peptide from fVIII-C2 folds into an amphipathic α-helix [41, 44] , whereas the crystal structure indicates that the native conformation Increasing concentrations of fVIII-C2 were mixed with Factor VIII prior to addition of PLV, Factor IXa and Factor X in a buffer without added NaCl. The reaction was started by addition of Ca 2+ and thrombin. After 5 min, the reaction was stopped using EDTA and Factor Xa was measured using the S-2765 chromogenic substrate. fVIII-C2 had no effect on the Factor Xase assay. Values are means (range) from two experiments performed in duplicate.
includes strands of β-sheet and a hairpin turn [13] . Some of the properties of the peptide are emulated by other amphipathic helixforming peptides with no sequence similarity to the C2 domain. Thus the interaction with Factor IXa, Factor X and probably with membranes is not via a physiological mechanism [45] . We are aware of no reports of fVIII-C2 competing with Factor VIII for membrane binding or substantially inhibiting lipid-dependent Factor Xase activity.
Our present results raise an apparent conflict with the implied solution-phase K d values and Factor Xase inhibition reported by Takeshima et al. [39] in the presence of NaCl. Their indirect binding studies relied on fluorescence quenching of labelled annexin V by added PLVs to detect membrane binding of annexin V. Addition of fVIII-C2 led to decreased fluorescence quenching, interpreted as competition for binding by fVIII-C2. Unfortunately, control studies were not included to confirm that loss of quenching actually reflected fVIII-C2 binding to PLVs. Maximum inhibition of Factor Xase activity reached only 60 % at approx. 200 μM fVIII-C2, a 1000-fold higher concentration than the inferred K d for membrane binding. No explanation was evident to explain the discrepancy between the inferred K d and inhibitory concentration. Control experiments were not included to demonstrate that the decreased Factor Xase activity resulted from competition for phospholipid-binding sites. Our present results may also be interpreted as conflicting with studies by Saenko et al. [46] . These authors utilized SPR (surface plasmon resonance) to detect binding of fVIII-C2, produced with a baculovirus vector, to a phospholipid monolayer immobilized on a gold substrate and to PLVs immobilized on a biotin-coated surface. They reported association and dissociation kinetics and a calculated K d for fVIII-C2 that was comparable with intact Factor VIII in the presence of physiological NaCl. Since our present experiments produced comparable results using fVIII-C2 from two distinct expression systems (E. coli and Pichia), we believe that the differences between our results and those of Saenko et al. [46] are more likely to be due to different methodology than to differences between fVIII-C2 preparations. In our present studies, the differences between fVIII-C2 and intact Factor VIII and fVIII-C2 and Lact-C2, and the consistency of our results with different solution-phase assays, indicate that the effect of saline and the membrane affinity are not an artifact produced by an individual binding assay.
We verified the stability and conformation of fVIII-C2 in several ways. fVIII-C2 was purified from the cytosol, suggesting that this protein module was soluble and folded correctly. The molecular mass correlated with its predicted value and fVIII-C2 had no free thiols, indicating that the internal disulfide bond was formed correctly. The conformation was verified by measuring the binding of fVIII-C2 to three mAbs and comparing the affinities of the antibodies for full-length Factor VIII. In addition, we have shown that the binding properties of our fVIII-C2 from E. coli were equivalent to the properties of fVIII-C2 from the P. pastoris expression system described previously [13] . Thus the unexpected relationship between buffer NaCl and membrane binding is not the consequence of an improperly folded domain.
We have demonstrated that membrane binding of fVIII-C2 relies upon the epitopes of mAbs ESH4 and B02C11, which are also necessary for membrane binding of intact Factor VIII in the presence of NaCl [21, 22] . We have shown previously [17] that Met 2199 /Phe 2200 and Leu 2251 /Leu 2252 are constituents of the membrane-binding motif, and Spiegel et al. [47] have shown that these residues contribute to the epitope of B02C11. Lact-C2 relies on residues that are similarly situated to mediate membrane binding [14] . Thus fVIII-C2 and Lact-C2 bind to membranes with similar structural motifs in spite of the contrasting membranebinding properties.
Our present results show that fVIII-C2 slightly increased the activity of Factor IXa. The modest effect of fVIII-C2 correlated with an increase in the apparent affinity for Factor X. This suggests that fVIII-C2 interacts with either Factor X or Factor IXa. The Factor VIII light chain, composed of the A3, C1 and C2 domains, shows only weak association with Factor X [28] , whereas crosslinking experiments [29] and FRET-binding experiments [30] show that the light chain binds to the Gla domain of Factor IXa. Recent results have shown that the C2 domain is able to bind to the Gla domain of Factor IXa and inhibit Factor Xase activity in the absence of phospholipid [31] , and that the absence of the C2 domain results in a 24 % decrease in cofactor activity [48] , providing additional support for the role of the C2 domain in this interaction. Our present results are consistent with a model in which fVIII-C2 helps to anchor Factor VIIIa to Factor IXa in the Factor Xase complex.
We have considered three possible explanations for inhibition of fVIII-C2 but not intact Factor VIII by saline. First, charge shielding by salt may limit the attraction of positively charged fVIII-C2 to a negatively charged phospholipid membrane. For intact Factor VIII, the initial approach to a membrane may be mediated by additive charge components of the C2 and C1 domains. Secondly, Na + or Cl − ions may interact with fVIII-C2 in a manner that causes a conformational or flexibility change that is not favourable for phospholipid binding. The C2 domain may assume a different conformation in the intact Factor VIII due to additional constraints resulting from contact with the A1 and/or C1 domain, thus limiting the effect of NaCl in the intact protein.
Thirdly, under physiological conditions, the C2 domain may not mediate initial contact with the membrane. The C2 domain may engage the membrane only after it is brought into intimate contact by engagement of another motif, presumably on the C1 and/or A3 domain. We note that these explanations are not mutually exclusive so that all could contribute.
Our previous work has suggested that electrostatic interactions can influence membrane binding of intact Factor VIII. Factor VIII binds in a non-specific manner to negatively charged membranes when the content of negatively charged phospholipids exceeds 15 % [5] . The same study found that reducing the negative electrostatic potential of PS-containing membranes decreases the affinity of Factor VIII for the PS-binding sites, indicating that the electrostatic potential contributes to Factor VIII-binding affinity. Measurements of PLVs eluted from a Factor VIII affinity column indicate that electrostatic interactions account for approx. 15 % of binding energy [3] . Our present study indicates that the number of membrane sites for Factor VIII is approx. 2-fold higher in the absence of NaCl, consistent with the interpretation that fVIII-C2 is able to bind to additional distinct binding sites in the absence of NaCl (Figure 4 ). Thus the electrostatic interaction of Factor VIII with phospholipid membranes may have a limited role in the binding of intact Factor VIII and a larger role for the isolated C2 domain.
We have considered the possibility that the conformation of isolated fVIII-C2 may differ from the native conformation. The isolated C2 domain [13] compared with the C2 domain in complex with mAb B02C11 [49] and in complex with a small-molecule inhibitor of membrane binding [50] show some rotational flexibility of binding spike 3 (containing Leu 2251 /Leu 2252 ) and lateral motion of binding spike 1 (containing Met 2199 /Phe 2200 ). However, the overall C2 domain structure of intact Factor VIII [26, 27] is very similar to that of the isolated C2 domain, thus constraining the magnitude of the possible conformational change brought about by the contact of C2 with the A1 and C1 domains.
Our results point to a more limited role for the C2 domain in membrane binding of Factor VIII than current models postulate. In particular, the lack of competition by fVIII-C2 suggests that fVIII-C2 does not recognize the primary membrane-binding sites for Factor VIII and that binding sites for the C2 domain might be induced only after another motif engages with the membrane. In addition, solid-phase binding, which is not inhibited by saline and has a higher apparent affinity than solution-phase binding, is dependent on having multiple fVIII-C2 molecules binding to the same vesicle, suggesting that the C2 domain alone cannot account for Factor VIII-binding affinity. In addition, recent results have shown only a 13 % loss of binding energy with the deletion of the C2 domain [48] and our present results show that this construct retains Ptd-L-Ser specificity. Our recent studies indicate that residues Lys 2092 and Phe 2093 at the tip of the C1 domain participate in membrane binding [36] . Thus a membrane-binding role for the C1 domain has been established. However, these insights must be interpreted in light of reports that indicate that site-directed mutagenesis of the C2 domain diminishes membrane affinity [17, 51] and numerous reports indicating that anti-C2 antibodies can block phospholipid binding and cause severe bleeding. Thus current findings indicate that both the C1 and the C2 domains are required to produce normal membrane binding and full functionality. Further studies will be required to explain the mechanism through which membrane engagement of the C2 domain enhances binding of intact Factor VIII and provides an essential component of biological functionality. 
Figure S1 Purification of fVIII-C2
Lane A, lysate from E. coli cells following induction. Lane B, fraction of the fVIII-C2 tag collected off the Ni 2+ -nitrilotriacetate column. Lane C, cleavage products following incubation with thrombin. Lane D, His-Trx tag. Lane E, purified fVIII-C2 from the cation-exchange column. The final fVIII-C2 samples showed >98 % purity. Following thrombin cleavage, fVIII-C2 ran as a doublet, probably due to a secondary thrombin-cleavage site approx. 15 amino acids upstream of the expected thrombin-cleavage site. This small extra peptide on some of the fVIII-C2 sample did not effect function, as shown by comparisons with fVIII-C2 Pichia . Samples were analysed using a chip-based SDS/PAGE system (LabChip BioAnalyzer; Agilent Technologies). The Figure is a composite of multiple chip runs over the course of the purification. The molecular mass in kDa is indicated on the left-hand side. 
